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ABSTRACT 

This report presents a computer program written In 

Fortran IV for the IBM 360 that Is a simulation of the 

Illumination on the ground during the descent of an aircraft 

parachute flare from Ignition to burn out.    The effect of air 

density on the velocity Is taken Into account by a numerical 

technique.   The Illumination on horizontal and vertical surfaces 

on the ground are considered.    For the surface of Interest 

the area consisting of those points having at least a certain 

value of niumination is computed.   The program searches for 

the ignition altitude for which this area is maximized over 

the burn time, finds the ignition altitude for which the 

flare burns out at a chosen altitude, or simulates the descent 

with ignition at a chosen altitude.   Atmospheric transmission 

is not considered in this report. 

This study was supported by Naval Air Systems Command, 

AIRTASK NO. A35-532/323/69F17-546-502, Work Unit No.  2. 
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I.    INTRODUCTION 

This report presents a computer program written in 

Fortran IV for the IBM 360 that is a simulation of the descent 

of an aircraft parachute flare from ignition to burn out. 

The assumptions made in the simulation are: 

1. The flare is considered to be a point source 
of light. 

2. The candlepower of the flare is constant 
throughout the burning time. 

3. The burning rate of the flare is constant 
throughout the burning time. 

4. The flares descend vertically in a straight 
line. 

5. The acceleration of gravity is constant and 
equals 32.174 ft/sec?. 

6. Air density variation with altitude above sea 
level is given by 

P(H) =  .07513 exp (-.000031582 H) 

where P(H) is the air density in lbs/ft3 and H 
is the altitude in feet. 

7. The drag force on the flare due to air resistance 
is proportional to the square of the velocity, 
i.e,, F = KV2. 

8. The drag constant is not affected by the loss of mass. 

0.    The ground is a flat surface. 
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Two types of surfaces are considered.   The first is a 

horizontal surface on the ground.   The illumination on this 

surface is 

EH =   ^ COS 0 

where I is the candlepower, D is the distance from the flare 

to a point on the ground, and 0 is the angle between the line 

D and the normal to the ground. 

The second surface is a vertical surface at ground 

level. The illumination on this surface is 

Ev = ^r sin 0 

The program searches for the ignition altitude which 

results in a burn out at a chosen altitude or which produces 

the maximum area illuminated to at least a chosen value over 

the burn time.    A run also can be obtained for any chosen 

ignition altitude. 

A listing of the program and a sample printout is in 

the appendix. 
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II.    DERIVATION OF EQUATIONS 

A.    Determination of Altitude During Descent 

For the case of variable mass, variable air density, 

and drag proportional to the square of the velocity, the 

differential equations of motion have no exact solutions. 

Therefore, there are no simple, closed-form mathematical expres- 

sions which can be used to calculate altitude as a function 

of tire for a descending flare system.   A numerical technique 

used in this program is a special one-dimensional case of 

the method used and tested by Chipman^ ' in a two-dimensional 

flight computer program. 

The initial velocity at ignition Is calculated as 

the equilhirium velocity (V) for the given altitude.    Equilibrium 

velocity is the velocity where the weight (W) is equal to 

the drag force, i.e., W » KV2.    Solving for V we get V = VW/KT 

where K = ^MM .    The air density, p{fi) in lbs/ft3, is a 

functioii of altitude (H) above sea level in feet and is given by 

P(H) =  .07513 exp (-.000031582 H).    CD is the drag coefficient, 

A is the drag area in square feet, and g is the acceleration 

of gravity (32.174 ft/sec2).    The quantity Cp A/2g is used 

in the computer program as DK (the drag constant).    The 

next section describes    a method of computing DK. 
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By substituting the expression for K into V 'rfÜ/K 

we get the equation for the initial velocity:    V =   ■\/~Tnw» 

where H is the ignition altitude above sea level.    Since 

the positive direction is defined to be up, the descent velocity 

is made a negative quantity.   To find the altitude and descent 

velocity during descent a numerical technique is used which 

involves making approximate computations over small intervals 

of time.    Following is a description of the iteration scheme 

used in the program. 

Let V equal the velocity et the beginning of an Interval 

of time At.    Two forces, drag in the positive direction and 

weight in the negative direction, are acting to produce an 

acceleration.    The total force (F) is -W+KV2.    By substituting 

-W+KV2 KaV2 

in the equation a = F/m we get ai = —m^-   or a! = -g + -ff— 

for the acceleration at the beginning of the interval. 

Letting Z = Kg/W, we have ai = -g + ZV2.   Assuming 

this acceleration remains constant during the interval a first 

approximation to the velocity at the end of the interval, found 

by using the equation V^ = Vi + at, is Vx = V + diAt.    Using 

this velocity the approximate acceleration at the end of 

the interval is 82 = -g + ZV!2.   A second approximation to the 

velocity at the end of the interval can be found by using 
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the average of the acceleration at the beginning of the 

interval and the approximate acceleration at the end of the 

interval.   This gives 

(Ü^i) V2 = V +  [-j~) at 

The average of the velocity at the beginning of the ii."erval 

and the second approximation for the velocity at the end of tre 

interval is used for the average velocity over the interval. 

Using the equation S = S   + vt,the altitude at the end of the 

iteration is H = H0 + (^y^) At   where H0 is the altitude at 

the beginning of the interval. 

Within each interval, the air density, p(H),  is calculated 

based on the altitude at the beginning of the interval and 

the weight is corrected by subtracting the burning rate times 

At.   The values at the end of an iteration replace the initial 

values and the process is repeated. 

In the program   At is set at 0.1 second.    Since for a 

parachute system the descent rate is quite low, this time interval 

is short enough for good approximations.   After every 100 iterations 

a   printout of time, altitude, and descent velocity is given. 

This gives data for every 10 secondi until the end of the burning 

timt.    Time is equal to zero at ignition. 
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B.   Computation of Drag Constant 

To compute the drag constant DK, solve the equation 

for the initial velocity 

yJm 
for DK. We get 

DK « PW 

This equation holds when the system is at Its equilibrium velocity 

for a jiven altitude and weight, which is approximately true 

for a parachute system.    Therefore, this equation can be used 

by assuming that the system will be at its average descent velocity 

and at its average altitude when half the composition is burned. 

Example: 

Weight of Flare and Suspension 21    pounds 

Weight of Composition 17   pounds 

Average Descent Rate 7.5 ft./sec. 

Average Altitude (above sea level)    2,000 feet 

The weight when one-half of the composition is burned is 

12.5 pounds.    The air density at 2000 feet equals .07053. 

DK = p(20Ö0)V*    ;    .Ö7Ö53 lb.   xS(7.5 ft/iicT   = 3-1507 ft"sec2' 
?tT 
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C.    Area of 111umination for a Vertical Surface 

For a fixed altitude H (in feet) and flare Intensity 

I (in candles) the illumination E (in lumens/ft2) 

FIGURE 1 

on a vertical surface at point P on the ground is given by 

1       c-lr n -     ! R IF   sin 0 -   IF " ü" 

 IR 
WWFP (1) 

This equation can be put in the form 

(3E 2Hlt-I2\ 
-|-2 )   R2   + H6   =0 (2) 

which can be considered as; a cubic equation in R2. Choosing 

a value of Ev (say E^), the condition (see reference 2) for 

two positive real roots is 

H < 
'm EM '

Hc (3) 
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If the flare is above this altitude there will be no area il- 

luminated to at least EM and the radii are both set equal to 

zero.    For H < H   the square root of the two positive real 

roots (Ri and R2) define an area on the ground in which the 

illumination on a vertical surface is greater than or equal to 

EM- 

Point on ground 
directly below 
the flare. Area in which the 

illumination on a 
vertical surface is 
at least EM. 

D.    Area of Illumination for a Horizontal Surface 

The illumination on a horizontal surface at point P 

is given by 

I „     I     H 
EH = ßT   cos 0 = or «ö 

IH 

{H2+R'W2 (4) 
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where H 1s the altitude of the flare. Choosing a value 

of EH (say E^) and solving on R we get 

R = 
^/3 

- H2 (5) 

This is the radius of the area in which a horizontal surface 

has an illumination of at least E» 

Point on ground 
directly be! 
the flare. 

Area in which the 
illumination on a 
horizontal surface is 
at least E^. 

FIGURE 3 

E.   Optimum Ignition Altitude for a Horizontal Surface 

The first step is to find the height for the particular 

flare intensity that will illuminate the maximum area to the 

required minimum illumination.   This would be the ideal height 

to burn all of the flare.    However, since the flare is descending 

during burning, this is impossible.    Therefore, it seems reasonable 

that the ignition altitude should be above the optimum height 
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and the burn out altitude should be below the optimum heigl t 

by about the same amount to yield greatest efficiency.    Since 

descent rate varies with alttude and remaining weight, the 

optimum ignition altitude cannot be computed exactly. 

F 

The illumination EH at point P from a flare with intensity 

I at point F is EH = jU-   cos 0.    By substituting cos 0 = H/D, 

we have EH = IH/D3.    Solving for D and squaring we get D2 = (HI/EJ2/3. 

By substituting this into the equation R -\lD2-H2 we get 

R = HIV/3 

5H 
■H2.     To maximize R for a given E„ (say EM) 

and I we take the derivative of R with respect to H and equate 

to zero (see r?ference 3). 
2/3 

(1 

0 dR j   ja H^H 
|Hl\2/3_   H2 

10 

k ,„->- 
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Solving for H we get the optimum height: 

Hopt ■ii^rt*^--^- m 

In the program the approximate ignition altitude is 

computed by adding to the optimum height tbi product of the 

estimated average descent rate and one-half the burning time. 

The range for the trial ignition altitudes is found by 

multiplying the approximate ignition altitude by 1.25 for the 

upper limit and multiplying by .75 for the lower limit.    The 

difference of these two altitudes is divided by 20 to obtain 

the increment between trial ignition altitudes. 

Calculations are made for ignition altitudes at the 

upper limit first.      It is possible for the altitude to be 

high enough that there is no area illuminated to the minimum 

requirement.    The integration of area versus time is done 

by a numerical technique (the trapezoidal rule).   The height 

is found at regular time intervals during the descent by 

the method described in section A of part IT.    After every 100 

iterations, the area which is illuminated to the minimum 

illioiination is calculated.    The value of area-time for each 

interval is computed by multiplying the time interval by the 

average of the area at the beginning of the interval and the 

11 



mnmammrnmi !■ «ygg 

RDTR No. 157 

area at the end of the interval. The total Integral of area 

versus time is found by summing over all the burning time. 

The number of iterations and the time of the iterations determine 

the time Interval for integration. 

The next trial ignition altitude is found by subtracting 

the distance that was calculated for the increment between 

trial ignition altitudes. The same procedure is repeated for 

this trial ignition altitude. When the Integral of area over 

the burn time for the present drop becomes less than the integral 

for the previous drop the ignition altitude for the previous 

drop is the estimate  the optimum ignition altitude for the 

given illumination level. The true optimum ignition altitude is then 

within the last increment of the estimate. A smaller interval 

can be found once the maximum value of the integral is past 

and a new set of twenty points computed. 

In case the flare hits the ground while burning for any of 

the ignition altitudes, no lower ignition altitude is tried 

because the integral of area-time would only decrease. 

12 
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Card FORTRAN Name Columns Format 

1 NPROG 1-2 12 

2 CD l-IO E10.5 
TW 11-20 F10.0 
WC 21-30 F10.0 
DK 31-40 F10.0 
KOMPUT 41-45 15 
VBAR 46-50 F5.0 
BT 51-55 F5.0 
TD 56-60 F5.0 
ITER 61-65 15 
HV 66-70 F5.0 
IDT 71-74 A4 
ID2 75-78 A4 
ID3 79-80 A2 

3 HI 1-10 F10.0 

4 EMIN 1-10 F10.0 
HASL 11-20 F10.0 
KODE 21 n 

B.    Explanation of Terms 

The first data card contains the value of NPROG which 

is a code number used to designate the subroutine to be run. 

NPROG Subroutine 

1 VSB1 (see section IV.B) 

2 VSF1 (see section IV.B) 

3 HSB1 (se6 section IV.B) 

4 HSF1 (see section IV.B) 

5 HSO 

i: 

(see section IV.B) 

> > 
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The second iata card contains the flare parameters.    The 

first parameter is the candlepower of the flare (CD).    It is 

assumed to be a constant value from ignition to burnout.   The 

next parameter is the total we'ght (TW) of the descending system. 

This includes the original amount of composition and the parachute 

system.   Tne third parameter is the original amount of composition. 

Both weights are in pounds.    The next parameter is the drag 

constant (DK).    Section II.B shows how it is computed.    The next 

variable (KOMPUT) provides two ways of reading in DK.    If 

KOMPUT = 1 the value read in as DK is used for DK.    If 

KOMPUT = 2 the value of DK is computed from the values of VBAR, 

the average velocity of the system (in feet/second), and HV, 

the altitude above sea level at which the system has an equilibrium 

velocity of VBAR ft/sec.    The value of VBAR should be on the 

card when executing the suoroutines VSB1, HSB1, and HSO since 

it is used to compute an estimate of the ignition altitude. 

Thi next   parameter is the burn time (BT) of the flare measured 

in seconds.     The variable TD is the tin*   increment (in seconds) 

used in the calculation of the height of the flare.    The variable 

ITER is the number of   iterations used to calculate the height 

of the flare.    The product of these two variables gives the 

time between printouts.      The three variables ID1, ID2, ID3 

are used to label the   printout with 1 to 10 characters. 

14 
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The third data card contains the variable HI.    For the 

subroutines VSB1 and HSB1 this value is the burn out altitude. 

For the other subroutines, VSF1 and HSF1, it is the ignition 

altitude.    This card is not required for the subroutine HSO. 

The altitude is measured in feet above the ground (not sea level). 

The height of the ground above sea level (in feet) is 

the second variable on the fourth card.   The first variable (EMIN) 

is the minitnum illumination level required on the ground measured 

in lumens/sq.ft.   The third variable (KODE) takes on integer 

values 0-9 and is used to obtain a run (with the same data) 

of one of the other subroutines, depending on which subroutine 

was just executed.    When KODE takes on a positive value the 

following is indicated. 

NPR06 Subroutine to be Run 

1 HSB1 

2 HSF1 

3 VSB1 

4 VSF1 

5 VSF1 (at the optimum 
ignition altitude) 

Thus, if the subroutine VSB1 is to be executed first and one 

wishes to obtain a run for the same data on HSB1, the value of 

KODE should be a positive integer between 1 and 9 and NPROG set 

to 1.    No other subroutine will be executed if KODE = 0. 

15 
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IV. DESCRIPTION OF COMPUTER PROGRAM 

A. Main Program 

The purpose of the main program 1s to read in the data 

and to call the indicated subroutines. The first card contains 

NPROG which is an integer used to indicate which subroutine is to 

be executed: 

NPROG        Subroutine to be Executed 

1 VSB1 

2 VSF1 

3 HSB1 

4 HSF1 

5 HSO 

If a blank card is read the program stops. 

The flare parameter card is read in next. If zero 

is read in as the value of ITER, the program will read in 

another value of NPROG. If ITER has a positive value the 

program then computes the drag constant and the burn 

rate of the flare. 

The ignition altitude (if NPROG = 2 or 4) or the 

burn out altitude (If NPROG = 1 or 3) is then read in. This 

card is not needed for HSO (NIT.OG = 5). If zero is read in, 

the program will read in another flare parameter card. 

If a positive value is read in, the program will read in the 

illumination card containing the minitrum illumination level, 

the height of the ground above sea level, and the value of 

16 
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KODt.    If zero is read in as the value of the illumination level 

the program will read in in ignition (or burn out) altitude 

card.    If a positive value is read in, the program will call the 

indicated subroutine.    After returning from the called subroutine 

the main program then executes the option indicated by the value 

of KODE.    If KÜDE = 0 another illumination card is read.    If 

KODE is a one digit, positive integer the following subroutine 

will be callsd depending on the value of NPROG. 

NPROG Subroutine to be Run 

1 HSBl 

2 HSF1 

3 VSB1 

4 VSF1 

5 VSF1  (at the optimum 
ignition altitude) 

Another illumination card is then read. 

The program is set up so that a blank card can be used to 

control which data card is to be read in next.    To stop the 

program after executing a set of data, four blank cards are needed, 

When setting up the data cards, it must be remembered what 

type of data card the program is looking for v.ext.    Section V 

shows the data set up for a sample run. 

17 
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B.   The Five Main Subroutines 

The value of NPROG is used to indicate which of the 

five main subroutines is to be run by using the following 

code: 

NPROG Subroutine 

1 VSB1 

2 VSF1 

3 HSB1 

4 HSF1 

5 HSO 

The subroutines VSB1 and HSB1 search for the ignition 

altitude where the flare burns out at a specified altitude above 

the ground.    VSB1 is for a vertical surface and HSB1 is for a 

hroizontal surface,    One can be executed for a set of data just 

run on the other by use of the variable KODE (See section III). 

üQth can determine the ignition altitude by the third trial 

by making a correction to the trial ignition fltitude if the 

burnout altitude is missed by tifore than half a foot.   Time is 

set to zero at ignivion.    If the flare hits the ground a cor- 

rection is made to the ignition altitude and the procedure 

started over again. 

18 
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The subroutines VSF1 and HSF1 give a printout for a 

specified ignition altitude and Illumination level for a vertical 

and horizontal surface respectively.    The variable KODE is used 

to obtain a run on one subroutine with the same set of data 

that was run on the other (see section III).    The subroutines 

are ended if the flare hits the ground. 

The subroutine HSO searches for the ignition altitude 

for which the Integral of the illuminated area on a horizontal 

surface versus time from Ignition to burn out is maximized. 

Section II.E describes the procedure used to obtain the 

estimate of the optimum Ignition altitude.    An Increment 

within which the true optimum ignition altitude lies is also 

given.   The variable KODE is used to obtain a run at the 

estimate of the optimum ignition altitude with the same data 

for a vertical surface. 

The subroutine ROOTS determines the radii of the illuminated 

area for a vertical surface (see section II.C).    The subroutine 

HEADER is used to printout data.    RHO computes the density of 

the air at a specified altitude above sea level.    The subroutine 

RALPH is part of the iteration technique used to compute the altitude 

of the flare (see section II.A. and Chipman^  '). 

19 
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V.    SAMPLE RUNS FOR THE MK 45 AIRCRAFT PARACHUTE FLARE 

A.    Data Setup 

Data for a sample run 1s shown In Table 1 on an 

80-column card coding form.   The data is set up according to 

the formats listed in section III.A. and is as follows: 

Card 1: NPROG 1 Subroutine VSB1 is to be run 
6 

Card 2: CD = 1.65E+06 Candlepower of flare = 1.65x10 

TW = 22.5        Total weight of system (lbs) 

WC = 17.5        Weight of composition (lbs) 

DK = 3.14382   Drag Constant 

KOMPUT =       1 DK is to be the value of the 
drag constant.    If KOMPUT = 2, 
the method of section II.B. would 
be used to compute DK. 

VBAR = 8. Average descent velocity (ft/sec) 

BT = 180. Burn time (sec) 

TD = .1 Time increment (sec) 

ITER = 100 Number of iterations for the 
computation of the altitude 
of the flare 

HV - Altitude at which the system 
has VBAR as descent velocity. 
Not needed since KOMPUT = 1. 

ID1,ID2, ID3 Run identification for 
MK 45-8 printout 

Card 3: HI = 300. Burn out altitude (feet) 
since NPROG = 1 

Card 4: EMIN = .02 Minimum illumination level 
(lumsns/sq.ft ) 

20 
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HASL -    0. 

KODE -    1 

Card 5:  EMIN =    .05 

Card 6:  EMIN = 

Card 7:  Blank 

,10 

Card 8:  Blank 

Card 9:  Blank 

Card 10: NPROG =   5 

Card 11: Same as Card 2 

Card 12: EMIN =    .02 

HASL =    0. 

KODE =    1 

Card 13: Blank 

Ground Is at sea level 

Run on HSB1 with same data desired 

Another illumi/iation level to 
be run on VSB1 for a burn out 
altitude of 300. The resc of the 
card is the same as card 4. 
Hence a run on HSB1 is desired. 

Another illumination level. The 
rest of the card is the same as 
cards 4 and 5. 

This blank card indicates that 
there is no more illumimtion levels 
The program will be waiting for a 
burn out altitude card. 

No more burn out altitudes, program 
will be looking for a candle 
parameter card. 

No more candle parameters, program 
will be looking for another value 
o* NPROG. 

The optimum ignition altitude 
subroutine (HSO) is to be run 

Minimum illumination level 

Ground at sea level 

A run on VSF1 with the same data 
is wanted. The ignition altitude 
will be the optimum igr.ition 
altitude. 

No more illumination levels. 
Program will be expecting an 
ignition (or burn out) altitude. 
Next card should be blank. 

21 
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Card 14     Blank 

Card 15     Blar.k 

Card 16     Blank 

No more values of HI.    The 
program wfll be looking for 
a candle parameter card. 

No more candie parameters. 
Program will be looking for 
another value of NPROG. 

No more subroutines to be run. 
Terminates program. 

B.    Description of Printout 

A listing of the Fortran IV computer program written 

for the IBM 360 is given in Appendix A.   A sample printout for 

the data setup in section V.A. is given in Appendix B. 

On the printout CD Is the flare intensity in candles. 

EMIN is the minimum illumination level in lumens/sq.ft. 

The total weight of thp system (TW) is measured in pounds and 

includes the weight of the parachute.    The weight of the 

composition (WC) is measured in pounds.    It is used along with 

the burn time (BT) in seconds to deternine the burn rate.    The 

variable DK is used to determine the velocity of the flare 

and depends on the cross-sectional area of the parachute and 

its drag constant (see section H.A.).    HASL is the I eight 

of the ground above sea level. 

The time after ignition is given every ten seconds. 

The height of the flare and its velocity is given for er.ch point 

in   time. The radius (for horizontal surfaces) or the radii 

(for vertical surfaces) is given as well as the area which has 

the required minimum illumination.    The integral of the area 

22 
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illuminated versus tim« from ignition to each point in time 

is printed out.    The average area illuminated since ingttion 

is also computed and printed out for each point in time. 

For burn out altitude of 300 feet, runs we^e obtained 

for minimum illumination levels of 0.02, 0.05, and 0.10 

lumens/sq.ft. on both the vertical and horizontal surface sub- 

routines (see section 11).   The optimum ignition altitude 

foraminimum illumination level of 0.02 lumens/sq.ft. was obtained 

as well as a printout for the vertical surface subroutine at 

the optimum ignition altitude. 

23 
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